Abstract. In this paper we present a portfolio LTL-satisfiability solver, called Polsat. To achieve fast satisfiability checking for LTL formulas, the tool integrates four representative LTL solvers: pltl, TRP++, NuSMV, and Aalta. The idea of Polsat is to run the component solvers in parallel to get best overall performance; once one of the solvers terminates, it stops all other solvers. Remarkably, the Polsat solver utilizes the power of modern multi-core compute clusters. The empirical experiments show that Polsat takes advantages of it. Further, Polsat is also a testing platform for all LTL solvers.
Introduction
Linear Temporal Logic (LTL) satisfiability checking plays an important role in ensuring the quality of temporal specifications that are often used in an early stage in designing processes [RV10] . Temporal system requirements consist of a set of LTL properties identifying system properties that are supposed to hold in all system executions. Thus, these formulas must be satisfiable, and their conjunction must be satisfiable as well. Satisfiability checking must be scalable due to the the need to handle complex temporal properties.
Earlier work [RV10] and [SD11] reported on extensive experimental investigations in LTL satisfiability checking. Rozier and Vardi reached the conclusion that when it comes to LTL satisfiability checking via reduction to model checking, the symbolic approach is superior to the explicit approach [RV10] . Nevertheless, they showed in later work that no single symbolic approach is dominant across their extensive benchmark suite [RV11]. Schuppan and Darmawan considered a wide range of solvers implementing three major classes of algorithms: reduction to model checking, tableau-based approaches, and temporal resolution [SD11] . They argued that no solver dominates across their benchmark suite. Our previous work [LZP + 13] on LTL satisfiability checking supports this conclusion further, but discovers that on-the-fly explicit approach is advantageous in checking satisfiable formulas. This motivated us to extend the portfolio approach of [RV11], but go beyond symbolic model-checking techniques and develop a portfolio LTL satisfiability solver that integrates several types of LTL satisfiability solvers and utilizes the power of modern multi-core compute clusters.
We describe here a portfolio LTL satisfiability solver, called Polsat 4 . The tool integrates four representative LTL solvers: pltl, TRP++, NuSMV, and Aalta. The approach of Polsat is to run the solvers in parallel to get the best overall performance; once one of the solvers terminates, it stop all other solvers. To test the performance of Polsat, we collect in this paper all existing benchmarks of LTL satisfiability checking [RV10] [SD11] [LZP + 13]. The empirical results show that Polsat takes advantages of the integrated solvers, and scales better for a large selection of benchmarks, especially those random formulas.
Another contribution of this paper is that Polsat provides testing platform for LTL solvers. A tool developer can use the benchmarks provided by the platform to test the solver under development and compare the results with other solvers. Thus, the tool developer can study carefully the advantage and disadvantage of the tool under development, and optimize it based on the testing results. For instance, our earlier tool, Aalta, benefited from this platform by designing new heuristics to improve tool performance.
2 Solvers [SD11] classified three major classes of solvers based on the techniques the solvers often use: reduction to model checking, tableau-based approaches and temporal resolution. Here, we add a new class named hybrid approaches, which combines different techniques together to achieve better performance. Solvers selection strategy is discussed below. Reduction to model checking. We choose NuSMV [CCG + 02] as the representative. [RV10] and [SD11] carefully evaluated model checking tools such as NuSMV and ALASKA [DDMR08] . Based on their observation, we ruled out explicit state model checkers, as they did not scale comparing to symbolic ones. ALASK is not included because it fails to run on our experimental cluster platform. Thus NuSMV is chosen with both its BDD-and SAT-based appraoches. . PANDA tool is basically a model checking based approach but integrates multiple novel encodings of symbolic transition-based Büchi automata. Aalta belongs to the tableaubased approach but integrates some interesting heuristics. Our previous study showed that Aalta has a best potential in most cases compared to PANDA.
Summarizing, Polsat tool integrates solvers including NuSMV, pltl, TRP++ and Aalta. Since NuSMV provides both the BDD-based and SAT-based model checking, we integrated both two functionalities in Polsat respectively.
The framework of Polsat
A general framework of Polsat is shown in Fig. 1 : it consists of three components, that are, the input, solver set and output module. Details for each component are specified in the following.
As soon as Polsat is invoked, it creates five threads to run these solvers -each solver occupies one unique thread. Once one of the solvers finishes checking then the corresponding thread will kill all other threads, which is illustrated in the figure, as all solvers can communicate through the bus. After that, the remaining thread will send the solver's results to the Output module for further processing.
One of main Polsat's features is, it also supports to integrate external solvers in addition to those have been integrated -with the only restriction that the solver has to provide the same input and output interface as Polsat. Using the parameter -add solverpath, one can import an external solver whose path is located in solverpath. This feature makes Polsat extensible, and provides testing platform for LTL solvers.
Input
Polsat supports the standard LTL syntax, that is, an LTL formula ϕ is defined recursively as:
Also, we can introduce the operator R (release), which is the dual operator of U (until): ϕ 1 Rϕ 2 ≡ ¬(¬ϕ 1 U ¬ϕ 2 ). Specially, the G (Global) and F (Future) operators are interpreted as Gϕ ≡ falseRϕ and F ϕ ≡ trueU ϕ. As the same in propositional logic, it still holds that ϕ 1 → ϕ 2 ≡ ¬ϕ 1 ∨ ϕ 2 and ϕ 1 ↔ ϕ 2 ≡ (¬ϕ 1 ∨ ϕ 2 ) ∧ (ϕ 1 ∨ ¬ϕ 2 ) for LTL formulas. Among the operators above, Polsat recognizes the alternative symbols. The explicit representing is shown in Polsat has integrated several off-the-shelf solvers, and these solvers may have different input formats. To successfully invoke these solvers, the Parser module also integrates internal translators from the input of Polsat to those of them.
Output
The output of Polsat includes the following information: the checking result ("sat" or "unsat"), the solver where the result comes from, and the execution eclipse time. As the outputs vary on the different solvers, the Output module shown in the Fig. 1 is designed to unify the outputs from different integrated solvers.
Empirical Experiments
We conducted all the experiments on SUG@R cluster 5 . SUG@R is comprised of 134 Sun Microsystems SunFire x4150 nodes, each of which contains two quadcore 2.83GHz Intel Xeon Harpertown CPUs with 16GB RAM.
The benchmarks we used are mainly from [SD11] . We call the benchmarks Schuppan-collected for convenience. To check the scalability of LTL solvers, we also tested the random conjunction formulas proposed in [LZP + 13] . A random conjunction formula has the form of 1≤i≤n P i , where P i is a random specification pattern 6 . In our experiments, the timeout for every testing formula is 60 seconds. Note the time is also counted if the running time of a formula checking reaches the timeout.
The experimental results on Schuppan-collected benchmarks are shown in Table 1 . The first row lists all the types of this benchmark and the second to seventh ones list the total execution time for the corresponding type of formulas. Theoretically speaking, Polsat should be always the best. But as seen from the table, there may be some deviations between the results from Polsat and those best from integrated tools. This is due to the overhead we have to pay on pre-processing the input formula for each integrated tool (different tools have different input formats). In the table we also highlight the benchmarks for which Polsat is faster than the best of all solvers. The reason is that individual solver may not be superior to all cases in one type formulas while Polsat gets the best from different solvers in the same type, which leads to better overall performance for some benchmarks.
To show the power of Polsat on hard problems, we present the experimental results on two type of formulas. First, we extend Rozier's random formulas [RV10] in Schuppan-collected benchmark via enlarging the size of generated formulas, and choosing 500 cases for each size (the formula length from 100 to 200). Second, we test the random conjunction formulas varying on the number of conjunctions (1-20) and select 500 random cases for each conjunction. The experimental results are shown in Fig. 3 and Fig. 4 . In the figures we use the cactus plot to show the relationship between the number of instances solved by tools (x-axis) and their total checking costs (y-axis, with the second unit). One can see clearly from the figures that Polsat solves more cases with the same time, and has the best overall performance for these benchmarks.
As the integrated tool of off-the-shelf solvers, Polsat also provides a platform for competitions of LTL satisfiability solvers. By observing the best result among different solvers, Polsat knows which solver performs best for a given type of formulas. For example, for the /alaska/lift formulas, the NuSMV-BMC performs best; Aalta does the best job for /schuppan/O1formula and /schuppan/O2formula formulas. The other benefit of Polsat is to make integrated tools potentially to optimize their performances by utilizing the experimental results.
Conclusion
We present a portfolio LTL satisfiability checker as well as an LTL testing platform, Polsat, by integrating existing off-the-shelf LTL satisfiability solvers. The goal is to provide a best LTL satisfibility solver by fully exploiting the distributed/multicore systems. Our empirical experimental results show that Polsat can have good overall performance for many benchmarks.
A A Simple Demonstration
In this section we show how to use Polsat by a simple demonstration. We will explain the input and output information of Polsat as well as the parameters the tool provides.
Polsat is run on Linux or Unix operating systems. After successfully installed Polsat and all its integrated solvers, one can directly type "./polsat" in the shell command line. By default the following information will show up:
please input the formula:
This means Polsat is waiting for the input. After you type the formula, such as "a U b" in the shell, then Polsat will produce the following output information: sat from pltl eclipse time: 0.001s
The first line tells that the input formula is satisfiable; The second line shows this result is from pltl solver; The third line displays the checking time is 0.001 seconds.
Alternatively, for the same case, one can directly type "./polsat "a U b"" in the command line, and will get the same result.
A.1 Evidence for the Satisfiable formula
Similar to most of existed LTL satisfiability solvers, Polsat provides an interface to show an "evidence" for the satisfiable formula. By using the same formula "a U b", if one uses the parameter "-e" of Polsat, that means, type "./polsat -e "a U b"" in the command line, then the output becomes: sat (b) from Aalta eclipse time: 0.002s
Here "(b)" in the second line represents the infinite trace b ω : obviously b ω |= aU b holds. When the input formula is unsatisfiable, the flag "-e" will be ignored. Note here that not all integrated solvers provide the evidences for satisfiable formulas, so Polsat is designed to get the evidences from the Aalta solver since this solver has the functionality.
B Examples
The motivation of Polsat comes from that, none of existed LTL satisfiability solvers perform best for all benchmarks. In other words, each solver has its own advantages on some kind of formulas. The implementation of Polsat confirms that it inherits all advantages of integrated solvers. In the following we show two cases. Since small formulas do not make large derivations among solvers, we choose the formulas of large size as the demonstration.
B.1 NuSMV-BMC performs best on lift formulas
The lift formulas is one benchmark from Schuppan-collected for the lift specification. The following lists one formula for the lift for three floors:
